ABSTRACT. Chromosome stickiness has been studied in several species of higher plants and is characterized by sticky clumps of chromatin resulting in sterility. Chromosome stickiness was recorded in Panicum maximum hybrid plants that were cultivated in the field. In the meiocytes affected, chromosomes clumped into amorphous masses that did not orient themselves on the equatorial plate, and anaphase I disjunction failed to occur. After a normal cytokinesis, the masses of chromatin were divided between both daughter cells. Metaphase and anaphase of the second division also did not occur, and after the second cytokinesis, polyads were formed. This abnormality arose spontaneously. Abnormalities that cause male sterility are an important tool for obtaining hybrid seeds in plant breeding. This is the first report of an abnormality affecting pollen viability in P. maximum. This finding can open a new opportunity in the breeding program of this species that is devoted to hybridization where manual cross-pollination is difficult and time consuming.
INTRODUCTION
The genus Panicum is a large and perennial genus that encompasses annual and perennial forms, and it includes some economically important species such as P. maximum Jacq., which is widely known as guineagrass. P. maximum Jacq. is native of Africa, particularly East Africa, Kenya, and Tanzania, where wide genetic diversity is found (Jain et al., 2003) .
P. maximum Jacq. is one of the most important forage grass species that is cultivated in Brazil, where it is known as Capim Colonião. Worldwide experience in breeding tropical forage grass is limited. A breeding program is underway at Embrapa Beef Cattle (Campo Grande, Mato Grosso do Sul). The majority of forage cultivars actually in use resulted from the evaluation and selection of natural ecotypes (Jank et al., 2008) . Effective breeding programs for P. maximum, which is a predominant apomictic tetraploid species (Savidan et al., 1989) , must involve intraspecific hybridization, aiming to exploit the genetic variability. Hybridization in guineagrass is possible because of the occurrence of sexual and apomictic plants with the same ploidy level. Taking into account that polyploid species generally display a great amount of meiotic abnormalities that compromises pollen viability (Singh, 1993) , this research aims to evaluate the meiotic process in hybrids and their progenitors to investigate the meiotic stability as an additional parameter to select the most interesting hybrid in relation to seed production to address the commercial seed demand.
Meiosis is a highly coherent and genetically programmed process. Like any other biological process, all the sequential steps that are involved in meiosis are controlled by a large array of genes (Baker et al., 1976; Golubovskaya, 1979; Albertsen and Phillips, 1981; Kaul and Murthy, 1985; Caryl et al., 2003; Sosnikhina et al., 2005) . Mutations in any of these genes that govern micro-or megasporogenesis from pre-meiotic to post-meiotic events can lead to serious anomalies in the whole process, resulting in genetically aberrant end products that have an adverse impact on fertility and the overall reproductive efficiency of the species. Some mutant genes alter chromosome form and function; others modify integrity, degree of condensation, movement, and migration toward the poles (Kaul and Murthy, 1985) . Among the genes that affect microsporogenesis and cause changes in the structural organization of chromosomes, Singh (1993) cited the sticky (st) gene. Chromosome stickiness has been the subject of cytological studies in several species. This investigation deals with the consequences of chromosome stickiness in relation to meiotic behavior and reproductive success in P. maximum hybrid plants.
MATERIAL AND METHODS

Plant material
The material under analysis consisted of progenitors (P. maximum, line S12 as female and cv. Tanzania as male), and 12 single hybrid plants. The line S12 is a sexual hybrid plant that was selected in Brazil from a sexual population received from the Institute de Recherche pour le Développment (IRD). The population was derived from a cross between an artificially doubled tetraploid sexual plant and an apomictic accession. The artificially doubled tetraploid sexual plant was obtained from the duplication of the chromosome numbers by colchicine of a diploid sexual plant collected in East Africa in 1967. P. maximum cv. Tanzania is a widely used cultivar in the Brazilian pastures, covering around five million hectares. This cultivar was selected by Embrapa Gado de Corte from the IRD collection, and it was commercially released in 1990. The cross between S12 and cv. Tanzania was performed in the field by planting the S12 in a 25 m 2 area of cv. Tanzania. Two cloned plants of S12 were used. These plants were wind-pollinated by the surrounding cv. Tanzania, and seeds were harvested in June 2007 on S12 once they were ripe. Seeds were germinated in the greenhouse in December 2007 and planted in the field as single plants in November 2008 with 1-meter spacing between plants. The site characteristics of cultivation at Embrapa Gado de Corte are: climate type Aw, tropical humid savanna; average annual precipitation, 1526 mm; average temperature, 22°C; altitude, 520 m; latitude, 20°28'S; longitude, 55°40'W; poor dark red latosol soil composed of 29% sand, 13% silt, and 58% clay; pH, 5.1).
Cytological analyses
Inflorescences for meiotic studies were collected from individual plants growing in the field; fixed in 95% ethanol, chloroform, and propionic acid (6:3:2, v/v/v) for 24 h; and stored at 4°C. Anthers containing microsporocytes were isolated from the flowers, and slides containing cell spreads were obtained after squashing and staining with 0.5% propionic carmine. The number of pollen mother cells (PMCs) analyzed from hybrids ranged from 1360 to 2054. Images were obtained using Kodak Imagelink-HQ, ISO 25 black and white film.
RESULTS
Anther and pollen development were evaluated in both fertile genitors and in the affected hybrids plants. In the genitors, panicle development was normal in size and number of flowers ( Figure 1a) . However, in the hybrid plants, the first expression of abnormality was observed in the aspect of panicles. Although the panicles had a normal length, only a few flowers in the racemes showed normal development (Figure 1b) . In general, in the hybrids, flowers developed were found only in the apex of the panicle. In fertile racemes of the genitors, all of the flowers were well developed (Figure 2a) , whereas a few (Figure 2b ) or no flowers ( Figure  2c ) occurred in the hybrids. Compared to the normal fertile plants of both genitors, the affected hybrid plants had smaller, shrunken, and non-dehiscent anthers. In the majority of flowers from hybrids, meiocytes were difficult to find in the anthers because the abnormality impaired the meiotic division. In some anthers, it was impossible to identify the sporogenous tissue. The large number of cells that were analyzed came from a large number of flowers.
Careful analysis of meiosis showed a quite normal meiosis in the genitors; only a few abnormalities related to irregular chromosome segregation were recorded in both (Table 1) . In the hybrids, a great number of meiocytes presented abnormal behavior beginning at prophase I, with chromosomes clumping in several groups (Figure 3a-e) . Pachytene, diplotene, and diakinesis chromosomes did not present normal configurations. Condensed, sticky chromosomes were dispersed in the cytoplasm or clumped into amorphous masses. Anaphase I and telophase I were not observed. These amorphous masses of chromatin were separated by the occurrence of the first cytokinesis (Figure 3f-h ). After this stage, the amorphous masses of chromatin gave rise to several micronuclei of different sizes (Figure 3h ). Metaphase II and anaphase II also did not occur. Following this phase, the second cytokinesis took place and polyads with microspores of different sizes were formed (Figure 3i ). The percentage of meiocytes that was affected by chromosome stickiness ranged from 16.0 to 52.3% among hybrid plants. 
DISCUSSION
The genitors presented a quite normal meiosis with less than 5% abnormal meiocytes. A low frequency of irregular chromosome segregation was also recorded in the genitors of hybrids that were analyzed by Pessim et al. (2010) . In the hybrids, the general pattern of chromosome stickiness was similar to that observed in other species (Koernicke, 1905; Carapetian and Rupert, 1977; Sosnikhina et al., 2003) . In the cells affected, the chromosomes began to assemble at prophase I or metaphase I, forming sticky clumps that did not orient themselves on the equatorial plate; the anaphase I disjunction was irregular or frequently failed, and chromosome fragmentation occurred from prophase I onward, resulting in sterility. In P. maximum, chromosomes were clumped beginning in prophase I, forming groups inside the meiocyte that failed to orient in metaphases and segregate in anaphases.
Chromosome stickiness was identified earlier by Koernicke (1905) as an effect of ionizing radiation. Stickiness has been the subject of numerous cytological studies; so far, the molecular basis of this type of aberration remains largely unknown (Klásterská et al., 1976; Al Achkar et al., 1989; Tatum and Rayburn, 2006) . Gaulden (1987) hypothesized that chromosome stickiness results from changes in specific non-histone proteins (topoisomerase II and peripheral proteins) that are integral components of the chromosome and whose function is necessary for the separation and segregation of chromatids. The changes are caused either by mutation in structural genes for the proteins (heritable stickiness) or by direct action of mutagens on the proteins (induced stickiness). According to this author, chromosome stickiness occurs at various degrees (slight, moderate, severe, and extreme). A factor that would undoubtedly contribute to variability in the degree of stickiness is the number of target protein molecules affected. In our hybrids, the chromosome stickiness could be classified as severe because many or most of the chromosomes were clumped.
According to Gaulden (1987) , chromosome stickiness causes chromosome aberrations by the physical stretching and breaking of chromatids at the sticky sites. Among the chromosome aberrations, Dowd et al. (1986) and Gaulden (1987) reported the occurrence of bridges and fragments. In P. maximum, fragments were commonly found in the meiocytes, but bridges were not observed because anaphase failed to occur.
Clear cases of genetically controlled meiotic chromosome stickiness are few. Chromosome stickiness was controlled by a single recessive gene in maize (Beadle, 1933; Golubovskaya, 1979) , Triticum durum (Martini and Bozzini, 1965) , Collinsia tinctoria (Mehra and Rai, 1970) , and pearl millet (Rao et al., 1990b) . Duplicate recessive genes in Alopecurus myosuroides (Johnsson, 1944) , and two or three recessive interacting genes in Carthamus tinctorius (Carapetian and Rupert, 1977) were also reported. In P. maximum, the genetic nature of chromosome stickiness was not yet elucidated. Spontaneous mutations for chromosome stickiness were independently obtained in rye populations (Sosnikhina et al., 2003) . The abnormality that we recorded in the present P. maximum hybrid was also spontaneous in nature and emerged among several experimental single hybrids that were growing in the same field.
Abnormalities that cause male sterility are an important tool in the investigation of anther and pollen development and to obtain hybrid seeds in plant breeding (Rao et al., 1990a; Horner and Palmer, 1995; Shifriss, 1997; Atanassova, 2000) . The recovery and analysis of new sources of male sterility is one of the most important problems of plant genetics because its solution benefits both plant breeding and studies on sexual reproduction and the interaction of different genetic systems of a plant cell (Tsvetova and Elkonin, 2003) . In P. maximum, cytogenetic studies on meiosis are rare, and male sterility was not yet reported. More studies are necessary to confirm if this abnormality has a genetic origin. If so, this finding can open new opportunities in the breeding program devoted to hybridization when manual cross-pollination is difficult and time consuming. However, the efficiency of this mutation might be investigated for breeding purposes because less than 50% of meiocytes were affected.
